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This is a hook for a lab course meant to accompany, or follow, any first course in circuit 
analysis and/or electronics. It has been written for today’s students, who. as is by now 
widely recognized, are very different from students of years past, when most of the tra- 
ditional teaching approaches were developed. Among other things, today’s students are 
simply bored when required to go through a long series of procedures, the only purpose 
of which is to teach measurement techniques and to verify the theory. They want to see 
the theories they learned applied to something useful, and they want this right away. 
Telling them that they will see the application next year, or even next semester, is not 
good enough. And if students become disaffected in the first lab, a golden opportunity 
to excite them about electrical engineering may have been lost forever. 

This lab manual has the following objectives: 

1. As is the case with any lab manual, to support, verify, and supplement the theory; 
to show the relations and differences between theory and practice; and to teach 
measurement techniques. 

2. To convince students that what they are taught in their lecture classes is real and 
useful, and to get them involved in several applications they can relate to. Thus, cir- 
cuits and electronics are combined in the same lab. 

3. To help make students tinkerers (at least for the duration of the lab, and some, 
hopefully, for a lifetime). 

4. To make them used to asking "what if’ questions and to acting on their own to dis- 
cover new things. 

5. To motivate their further study. The idea is to explore several concepts in a simple 
way, which can serve the dual purpose of applications and motivation. For exam- 
ple, the experiment on modulation can whet their appetite for a communications 
course in subsequent years. 

This book is intended for sophomore or junior electrical and computer engineering 
students who are taking their first lab, either concurrently with their first circuit analy- 
sis class or following that class (or even following a term of electronic circuits). It is 
also intended for first-year students in electrical and computer engineering at institu- 
tions that have started a first-year course in circuits and electronics (an increasing 
trend). Finally, it is appropriate for nonmajors, such as students in other branches of 
engineering or in physics, for which electronics is a required course or elective and for 
whom a working knowledge of circuits and electronics is desirable. 

The lab is meant to run concurrently with, or following, any introductory electrical 
engineering course. Most electronic circuits used here to make the lab interesting and 
stimulating for beginners are covered in conventional circuit analysis courses (e.g.. op 
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amp circuits). A few simple circuits, such as rectifiers, which may not be covered in a 
circuit analysis course, are introduced in a self-contained manner. The electronics 
experiments can extend the lecture material and can serve as excellent motivation for 
a subsequent course in electronic circuits. Alternatively, the lab may be run concur- 
rently with a course in electronic circuits, in which case the students may not need the 
introductory background provided or may use it as a concise review. No background 
in frequency-domain analysis techniques is required, so the lab can be run concur- 
rently with any first circuits course if desired. Nevertheless, the subject of frequency 
response is adequately covered and applied. 

What if circuits is not the first EE course? There is considerable discussion by 
electrical and computer engineering educators about whether the traditional introduc- 
tion of students to the field through circuits makes sense today. Some schools are try- 
ing other approaches for the first course, such as DSP or “light” control systems. This 
issue is largely irrelevant as far as the use of this book is concerned: the book is 
intended for use in a first lab for circuits in electronics, whenever its time comes in a 
given curriculum. In some schools this will not be the first lab; for example, a com- 
puter lab might come before it. 

Although in this book I have adopted the current trend of tightly coupling to applica- 
tions, I have maintained the classical approach of keeping the experiments largely 
independent (as opposed to making them being part of a larger, kit construction 
project). In this way, flexibility has been maintained in designing the experiments to 
reinforce certain important concepts and to give the instructor considerable freedom 
in choosing which experiments to cover. Also, in this way applications can be intro- 
duced early and students can see results right away. 

In developing this book. I have experimented a lot with the level of freedom 
appropriate for the first lab. On the one hand. I have found that complete freedom is 
not appropriate, as many students do not know how to begin and become stuck very 
often. In addition, in the course of a "free” lab, it is possible that the students will not 
run across some important concepts, which they normally should be taught; so some 
guidance is in order. On the other hand, a completely regimented approach stifles cre- 
ativity and does not ensure learning; it is entirely possible for a student to blindly fol- 
low instructions, do all required parts, and leave the lab without having really 
understood much. Hence I have opted for a compromise approach, which works best 
for the large majority of students. There are steps to be followed in each experiment, 
but many contain questions or suggestions for extending the results, which require the 
student to act rather than passively follow. I have spent a lot of time in finding ways to 
keep students alert and creative in the course of the experiments, often by selectively 
withholding parts of the story and requiring the students to search for these parts 
themselves. In other words, both in the choice of experiments and in the format and 
degrees of freedom within each experiment. I have found that what works best is a 
mixture of the classical and modern approaches. 

The experiments are written to help the student develop intuition and to relate, as 
much as possible, what is learned or measured to what is perceived through one’s 
senses. For example, in Experiment 3. which deals with time-varying signals, the 
students are introduced to the function generator and the oscilloscope. Through an 
amplifier and loudspeaker, they hear the waveforms they observe on the scope’s 
screen; and through a microphone, they observe the waveform of their voice. 
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whistling, or clapping. They are even asked to remove the speaker’s panel, touch the 
paper cone of the speaker very lightly, feel its vibration for various frequencies and 
amplitudes, and observe how a small particle bounces when placed on the vibrating 
cone. This may sound overdone, but I know, from my early start as a hobbyist-experi- 
menter. that such sensory experiences stay in memory and help make things click. 
They provide the confirmation that what is done in the lab is real. This removes psy- 
chological blocks, increases intuition, and motivates further study. 

I have spent considerable time in identifying suitable applications for illustrating the 
principles and making them exciting, and 1 have woven these applications into the 
experiments. The circuits discussed are connected to applications as soon and as often 
as possible. Thus, students already see sensors (a thermistor and a photoresistor) in 
Experiment 2 and use them to design simple temperature- and light-sensitive circuits; 
they see and use more sensors (microphones) and an actuator (loudspeaker) in Exper- 
iment 3; and so on. They do not just measure the gain of an op amp/resistor amplifier, 
but they use this circuit to amplify their own voice signal and listen to it. They apply 
diodes to a simple demodulator and LC circuits to receiver selectivity, and they are 
introduced to wireless communications by building and testing a simple radio receiver 
(which puts together many of the concepts they have learned up to that point). They 
do not just measure the frequency response of low- and high-pass filters but also apply 
the latter to audio tone control, using them to process music from their favorite CD 
and listen to the result. 

There are more experiments in this book — sixteen of them — than can be comfortably 
covered in one semester. The experiments are designed so that they can be completed 
within 3 hours each, although some students can finish some of them in about 2 hours. 
Other durations and adaptations of the experiments to different student backgrounds 
are possible. Certain parts of each experiment can be omitted if desired (although it 
would be a pity to omit the application parts, which are what the students are espe- 
cially looking forward to). Also, parts of different experiments can be combined to 
form a new experiment. Suggestions are given in the Instructor’s Manual. I will also 
be happy to discuss with individual instructors their teaching needs and offer sugges- 
tions for putting together a lab course based on this book. 

The type of “what if’ questions asked throughout this manual encourage the student 
to experiment and build circuits of his or her own. The book makes possible the intro- 
duction of design projects at several points, if the instructor decides that there is room 
for them. Such projects are appreciated by the students and, if placed between experi- 
ments, can be useful as "fillers ' for delaying some experiments until the lecture class 
on the corresponding theory has caught up with them. Several project possibilities, 
which I have tried over the years, are described in the Instructor's Manual. 

The book is designed for a lab that uses equipment as simple (and thus inexpensive) as 
possible. The basic instruments are two dual power supplies, two digital multimeters, 
an oscilloscope, two function generators, a inexpensive CD player, a small power 
amplifier, a microphone, a loudspeaker with enclosure, and assorted parts and cables 
(an equipment and parts list is given in Appendix G). All this equipment is widely 
available. For breadboarding, the ubiquitous proto boards can be used, although for 
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the first few experiments at Columbia we prefer Plexiglas boards with plug-in leads so 
that beginners can clearly see all the connections. Simple instructions for making 
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You need to know several things before even starting the first experiment in this book. 
Good lab practices are the key to safe and successful experiments. This chapter con- 
tains many important suggestions for you. You may not be able to understand every- 
thing at first, as some of the suggestions are given in a context you will encounter later 
on. Nevertheless, you should read the chapter carefully in its entirety now, so that 
when the situation arises you will be aware of this material. You should then come 
back to this chapter and reread as appropriate. 

Safety It is imperative to minimize the dangers of receiving an electric shock by following 

certain safety procedures. The effects of electric shock are determined by the value of 
the current that passes through the body, the frequency, the path followed by the cur- 
rent. the time the current persists, and so on. The effects of an electric current can vary 
from a startling reaction (with unpredictable results) to involuntary muscle contraction 
(resulting in the “can't let go” effect) to pain. bums, fainting, heart failure, respiratory 
paralysis, and death. 

The amount of current that passes through the body is determined by the voltage 
applied to it and by the resistance through which the current flows. The resistance can 
become especially small if there are cuts, if the skin is wet or moist, and if the contact 
area is large (e.g„ through a metallic object such as a watch or a bracelet). Further- 
more, the resistance decreases once a current begins to pass. When the body resistance 
is small, even moderate amounts of voltage can cause a harmful amount of current. It 
is therefore wise to consider any voltage as dangerous and to take precautions to limit 
the chances of receiving an electric shock, as well as to be familiar with what to do in 
case one of your colleagues receives a shock. 

■ Before starting to work in the lab, familiarize yourself with the location of the cir- 
cuit breakers and know where to call for help and what to do in case one of your col- 
leagues is injured. Consult appropriate posters or leaflets. If in doubt, ask your 
instructor. 

■ Never work in the lab alone. 

■ Use equipment with three-wire power cords and with a properly grounded case (see 
the following chapter on ground connections). 
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m Inspect all cords, plugs, and equipment for possible damage, and notify your 
instructor if you see any such damage. Also notify your instructor if you see any 
other sign of trouble, such as loose wall sockets or sparks, or if you receive an elec- 
tric shock, however small. 

■ Be careful when inserting or removing a plug. Do not remove plugs by pulling on 
the cord. 

■ While making connections, keep the power off. 

■ Do not touch bare wires and parts. If you have to do so, turn off all power first and 
unplug the equipment. Even then, be aware that capacitors can store electric charges 
and can give you an electric shock, especially if their capacitance is large and they 
are charged to a large voltage. 

■ Do not work when your skin is wet. Wear shoes w hile working, and be sure they arc 
dry. 

■ Do not wear metallic objects such as bracelets, necklaces, rings, or chains while 
working. 

■ Do not lean against metal surfaces, such as the case of a piece of equipment, pipes, 
or the frame of your lab bench. 

■ Do not leave lose metal parts, including wires, on your bench. 

■ Do not place drinks or food on your bench. 

■ If somebody else in the lab receives an electric shock, immediately turn off the 
power and/or remove the victim from the source of electricity without coming into 
electrical contact yourself (e.g.. use a dry piece of wood, a dry piece of cloth, or a 
nonmetallic belt). Follow appropriate procedures for calling for help, providing arti- 
ficial respiration and/or cardiopulmonary resuscitation, and otherwise providing aid 
until medical help arrives. 

Possibilities for hazards other than electric shock also exist in an electronics labo- 
ratory. Do not exceed the voltage and/or power rating of electronic components. Be 
very careful to observe the polarity of electrolytic capacitors, which can explode if 
connected in the wrong way. Be aware of the fact that electronic components can 
overheat. Be careful with sharp objects, such as wire ends, component terminals, and 
integrated circuit pins. Be careful with soldering irons; they can cause bums or fires. 
Long hair and loose clothing can cause hazards when tangled with circuit boards, 
equipment, soldering irons, or machinery with moving parts. 

Additional considerations and rules may apply in your situation and environment. 
If in doubt, consult your instructor. 

Wiring Your Circuit There are several ways in which you can build an experimental circuit (as opposed to 
a permanent one, meant for repeated use). A common way to conveniently assemble a 
circuit without having to solder is to use a plastic "proto'' board. This section has been 
written tor the use of such boards, but many of the wiring suggestions given here 
apply to other types of boards as well. 

A plastic proto board has sets of holes into which wires can be inserted. Inside 
each hole, invisible to you. is a metallic socket appropriate for snugly receiving a wire 
pushed into the hole. Sets of sockets, arranged in rows and columns, are connected 
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Trough 

(a) 
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together internally. An example of part of a proto board is shown in Fig. 1. The holes 
as they appear externally arc shown in (a); the internal connections under the surface 
are revealed in (b). Each set of holes connected together as shown can form a single 
node in a circuit. Most sets contain five or six holes and are used for internal nodes in 
the circuit. Other sets, such as the ones shown vertically in (b), are used for power 
supply and ground connections. On some boards, some of these sets may be broken 
into separate parts, as indicated in the second vertical line in (b). There are several 
variations of proto boards, more or less based on this general scheme. Your instructor 
can explain the internal connections of the particular board you will be using (or you 
can Find them out yourself by using an ohmmeter as a continuity tester, as explained in 
Experiment 2; you can attach small pieces of wires to the ohmmeter’s probes and 
insert those into the holes). Proto boards are appropriate for low-frequency work (up 
to a few MHz). At higher frequencies, the large capacitance between adjacent rows of 
connector holes can interfere with proper operation. 

To make connections to a proto board, use pieces of insulated solid (not 
stranded) wire of an appropriate diameter (usually #22 to #24 AWG), the insulation 
of which has been removed on both ends, exposing about 12 mm (or about 0.5 
inches) of bare wire. Several different lengths of such wires may be appropriate for 
a given circuit. Sets of connecting wires are commercially available in various 
lengths and colors. To insert a connecting wire, make sure its bare ends are straight 
and push each end vertically all the way into a hole. A pair of long-nosed pliers can 
help in this task. Electronic components such as resistors, capacitors, or integrated 
circuits can also be plugged directly into a proto board. In the case of resistors, com- 
mon Vi W ones have lead diameters that are well suited for this purpose. Resistors 
with a larger power rating may have leads that are too thick, which can damage the 
connections in the board. 

It is very important to get into the habit of wiring a circuit neatly right from the 
beginning. A neatly built circuit is less likely to contain mistakes, it is easier to debug, 
and it is easier for a colleague or for your instructor to understand. Figure 2(a) shows 
a neatly wired circuit, whereas Figure 2(b) shows a messy one. In principle, both wir- 
ings implement the same circuit; but if your wiring habits are like those in Figure 2(b) 
you will soon run into trouble. Several hints to help you form good wiring habits fol- 
low. You can interpret several of them by referring to Figures 2(a) and 2(b). 

■ Keep the power off while you are wiring your circuit, as well as while you are 
changing anything in it. 




4 



GOOD LAB PRACTICES AND OTHER USEFUL HINTS 



m Always start with a carefully drawn schematic of the circuit you want to build, prop- 
erly labeled with component types or values and pin numbers for integrated circuits. 
Do not try to do things directly from memory. 
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■ Mark all completed connections on your diagram as you go, for example, by using a 
color marker. 

■ Use connections as short as possible. Long wires contribute to messiness and can 
cause interference through undesirable capacitive, inductive, or electromagnetic 
interaction with other parts of the circuit. (This suggestion does not imply that you 
need to cut each wire exactly to size; for this lab. it will be sufficient to choose the 
right length among several pre-cut wires commonly found in a wire kit.) 

■ Keep wires down, close to the board's surface. 

■ As a rule, if you can connect components such as resistors or capacitors directly 
(without extra wires connected to them), do so. 

■ Plug in chips so that they straddle the troughs on the proto board. In this way, each 
pin is connected to a different hole set, as shown in Fig. 3(a). Fig. 3(b) shows a com- 
mon mistake (for a six-hole set proto board). Why is this practice wrong? You can 
answer this question by considering how the holes are connected together internally 
[Fig. 1(b)], You can also see why the practice shown in Fig. 3(c) for a two-trough 
board is most likely inappropriate when working with more than one chip. 

■ Do not pass wires over components (or over other wires, if you can avoid doing so 
without significantly lengthening a connection). This makes the circuit difficult to 
figure out. and it makes it difficult to remove a component if you have to replace it. 

■ Use the longer strings of holes as power and ground "buses.” For example, use one 
such string for the connections to the power supply pins of your chips and other 
components, and wire that string to your power supply. 

■ Be sure that bare wires or component terminals are clear of each other so that they 
cannot become accidentally shorted together if something is moved. 

■ Do not use more wires than you have to. The more connections, the more likely it is 
that something can go wrong (e.g., a wiring error can occur, or a connection in the 
proto board can be loose). 

■ Use color coding for your wire connections (e.g., red for all wires connected to the 
positive power supply and black for all wires connected to "ground”). This makes it 
easier to inspect and debug the circuit. 
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m If convenient, locate components associated with a circuit with a well-defined function, 
close to each other in one group. For example, if your circuit includes a preamplifier, all 
components that are part of the preamplifier should be physically located close to 
each other, in an easily identifiable block. This can help later during the debugging 
process (see below). 

■ Before plugging ICs (integrated circuits) into a proto board, be sure that their pins 
are straight. The tips of the two rows of pins on the ICs you will be using in this lab 
should be 0.3" apart. Sometimes you will find some ICs with their pins bent; in that 
case, straighten them before plugging in the ICs. A pair of long-nosed pliers can 
make this task easy, as then each row of pins can be straightened at one time. 

■ Be aware of the fact that ICs, especially those made with MOS technology, can be 
instantly damaged by static electricity, such as that accumulated by your body. You 
should make sure you are “discharged” before handling them, by momentarily 
touching the metal case of a properly grounded instrument. 

■ Be sure to use resistors with a sufficiently high power rating (Vi W resistors are fine 
in almost all circuits in this lab) and capacitors with a sufficiently high voltage rat- 
ing. Observe the polarity on electrolytic capacitors — they can explode if connected 
in the wrong way. 

■ Be sure capacitors are discharged before plugging them into a circuit. If in doubt, 
short their leads (in critical cases you may have to do so at least twice, as a capacitor 
can have residual charges even after you have discharged it once). 

■ Unplug ICs very carefully, to avoid bending the pins. You may want to try an IC 
extractor if one is available in your lab. 

■ For points that must be connected to external instruments such as power supplies 
and function generators, connect a wire from an appropriate hole on your proto 
board to a sturdy post (such as a banana or coaxial socket, often available on the 
larger test board on which a proto board may be mounted). Then, use an appropriate 
cable to connect that post to the instrument. This helps make your connections 
mechanically stable. 

■ For the inputs of measuring instruments, such as voltmeters and oscilloscopes, you 
should normally follow the same practice as above. An exception to this rule occurs 
when you want to probe several different points in your circuit by moving the instru- 
ment probe from point to point or when the connection to the instrument probe must 
be as short as possible. If you have to connect an instrument probe to a hole on your 
proto board, you can do so through a short piece of wire; be sure the connection of 
this wire to the probe is not loose and does not touch any other connections. 

■ The coaxial connector of oscilloscope probes (Experiment 3) should only be con- 
nected to the input of the oscilloscope. It should never be connected to the function 
generator, to other instruments, or to your test board. 

■ Be especially careful of ground connections. Read carefully the chapter on ground 
connections. 

■ When finished wiring a circuit, inspect all connections to make sure you have made 
no mistakes. Only when you are happy with the result should you turn on the circuit. 
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• If you have connected a signal source (such as the output of a function generator), 
do not turn it on until after you have turned on the power supplies, if any are used in 
your circuit. Some ICs can be damaged if you do otherwise. If you later want to turn 
off the power, turn off the signal source first. In short, never have a signal connected 
to a circuit with power supplies unless those supplies are on. 

It is very likely, despite the care with which you may have wired your circuit, that it 
will not work when you first turn it on. perhaps because of a defective component or a 
wrongly designed circuit; often, however, this is due to a missing or wrongly con- 
nected wire, a loose connection, bent IC pins that have not been properly inserted into 
holes on the board, an unintended short between two bare wires or terminals, and so 
on. You will then need to debug, or troubleshoot, your circuit. Trying to do so for a 
large circuit can be a very difficult task (made easier with experience). Following are 
some tips to help you debug your circuit. 

■ Turn off your circuit and visually inspect it for wrong connections or accidental 
shorts. 

■ Be sure that you know the correct underlying connection pattern of your proto board 
and that you have not made any mistakes in this respect. Beware of breaks in some 
power supply or ground buses on some boards [see Fig. 1(b)]. Beware of mistakes 
such as those shown in Figs. 3(b) and 3(c). 

■ If you suspect that a connection is not made as intended, you can use an ohmmeter 
as a continuity tester (see Experiment 2), but first make sure that all power to the cir- 
cuit has been turned off. 

■ A malfunctioning circuit may have overheated components. Be careful with them. 
On the other hand, a hot component may be a clue to the problem. 

■ If your power supplies have a current meter, observe it. If the current is zero, it may 
be a sign of a missing connection. If it is excessive, it may be a sign of a short or 
other problem. 

■ In some power supplies you can a set a current limit. You may want to limit the cur- 
rent accordingly, to protect your components in case of circuit errors. On the other 
hand, if this limit has been set too low (lower than the expected total current for the 
circuit), it may be the very reason the circuit does not work properly. 

■ Use a voltmeter to test whether the power supply voltage reaches an intended point 
in the circuit, attaching one of its terminals to ground and the other to that point. Test 
all such points if necessary. A zero voltage may indicate a broken connection or a 
short to ground. If a voltage is correct at some point, move your probe to the next 
point where this voltage, or part of it, is supposed to appear, and remeasure. It is usu- 
ally better to do this type of testing with only the power supplies on and any signal 
sources off. 

■ If the preceeding procedure does not reveal the problem and if your circuit contains a 
signal source, turn it on and do some further sleuthing with the oscilloscope: Is the 
signal present at the output of the signal source? If so, is it present at the input of your 
test board ? If not, you may have a bad cable or a short to ground. If there is a signal at 
the input of the board, is it also present at the next logical point (e.g., at an IC pin to 
which the board input is supposed to be connected)? The idea is to eliminate possible 
problems one by one until you hit the points that are causing the trouble. 
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■ Unless the circuit is very simple, do not try to check its behavior all at once. Rather, 
do some sleuthing to find out where the problem lies. If the circuit can be broken 
down (physically or mentally) into two independent parts, check each part sepa- 
rately (e.g., the preamplifier and the power amplifier of the sound system in Experi- 
ment 5). To do this, you may need to power the part being tested separately from the 
rest of the circuit, apply to it an appropriate signal (e.g.. obtained from the function 
generator), and check its output accordingly (e.g., using an oscilloscope). The use of 
the function generator and oscilloscope is described in Experiment 3. 

■ You can carry the above hint one step further: When wiring a large circuit, you can 
first wire a part of it and test it by itself to make sure it is correct before proceeding 
to wire the rest. For this approach to work, of course, you need to be sure that the 
part you are testing is independent of the rest and is supposed to work correctly by 
itself. 

■ If you must try to find out what the problem is by changing things on your test 
board, change them one at a time, observing the result in each case. If you change 
more than one thing at once, not only may you be unable to isolate the cause of the 
problem, but also the second change may undo the result of a first, correct change, 
and you will have missed your chance to make the circuit work. 

■ In some cases problems can be caused by external interference (from a TV station, 
from lighting or other equipment in the room, etc.). Such interference can be picked 
up by long wires connected to your circuit (e.g., those carrying power to your setup), 
which can act as antennas. In such cases, you may be seeing a signal at the output of 
your circuit, even though no signal is being applied at its input. If you suspect inter- 
ference problems, you may have to combat them by using bypass circuits, as 
explained in Appendix D. 

■ It all else fails, and only as a last resort, you may have to disassemble your circuit 
and start from scratch, especially if sloppy wiring in your first version prevents you 
from identifying the problem. This time, it is hoped, you will be more careful and 
neat with your wiring. 

■ This last solution should not be overused. You should stick with your original circuit 
and persist in looking for the problem. You can learn a lot not only from properly 
working circuits but also from knowing what went wrong in bad ones. 

There are many types of lab reports, which vary according to the kind of information 

that has to be reported, the level of informality, and so on. Your instructor will let you 

know what type of report he or she expects. Unless your instructor indicates other- 
wise, it is wise to adopt the following practices. 

■ Use a pad of quad graph paper (with squares V*" on a side). The squares will make it 
easier for you to construct tables and plots and to draw schematics. 

■ Be sure your report is orderly and neat. Conciseness is appropriate for some styles 
of reporting, but sloppiness isn’t. Even you may find it hard to follow your own 
sloppy report a few weeks after you have written it. 

■ Include a careful schematic for each circuit you have built, labeled with component 
values, types and pin numbers of ICs, and other pertinent information. This is 
needed for anyone (including your instructor, your colleagues, or even yourself at a 
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Preparation 



Running the 
Experiment 



later time) to be able to interpret what you have done. In some cases, you may even 
want to include a board-level layout of your components and connections, corre- 
sponding to their physical location on your proto board. 

■ When preparing plots, label your axes appropriately, including tics and values along 
them; the quantity being plotted along each axis; and the corresponding units. 

■ Show experimentally obtained points as dots or small circles on plots. Be sure to 
take a sufficient number of points to appropriately show the behavior you are inves- 
tigating, especially in regions where rapid variations are observed. Points that are far 
apart may completely bypass such regions. 

■ Pass a best-fit line through the points on your plot. Do not simply join them with 
straight-line segments. 

■ When asked to plot a variable y versus a variable x without further specification, 
consider what ranges and values are appropriate. When asked to plot current versus 
voltage for a resistor, for example, it is appropriate to use both positive and negative 
voltage values unless instructed otherwise. 

Always study the experiment you are going to do before coming to the lab. Read 
each instruction carefully, trying to imagine your experimental setup. Try to antici- 
pate the probable results of your measurements, as well as what to watch out for and 
what problems are likely to arise. Take notes as appropriate. Being fully prepared is 
necessary for you to be able to finish an experiment in the time allowed and to be 
able to benefit from it as much as possible. The experiments in this book are based 
on the assumption that you will have fully prepared yourself before doing each one. 
You also owe it to your lab partner to be fully prepared, so that you can contribute to 
the experiment. 

■ Always read each step in its entirety before acting. Do not stop in the middle of a 
step and start wiring or measuring, as the rest of the step may contain information 
relevant to those tasks, which can save you time or trouble. 

■ Try to guess the likely result of each step before you perform it. This will enhance 
your understanding and will prepare you to catch a possible problem, saving time. 

■ Do not put off plotting or other tasks until the end of the experiment. Do plots when 
asked to. This is because some plots reveal information that can be useful in inter- 
preting your results and identifying potential problems before time is wasted on a 
possibly malfunctioning circuit. Plots can also tell you whether you need to measure 
more points before going further, while you still have your circuit connected for 
doing so. Finally, they can give you intuition and information that will help you in 
the subsequent steps. Again, completing each task when asked to in each experiment 
can save time and trouble. 

■ Measurements are never exact. Keep this in mind, but otherwise try to obtain mea- 
surements as accurately as possible. Think about the sources of measurement error 
in each case, and interpret your results accordingly. 

■ Use an appropriate range on measuring instruments to obtain enough significant 
digits. On the other hand, you should not overdo this. It is not appropriate to give the 
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impression of precision by keeping more digits than makes sense in a given situa- 
tion. Also, with some instruments (such as some ammeters; see Experiment 1), the 
range chosen can affect the degree to which the instrument affects the circuit under 
measurement. 

■ Be very careful if you need to obtain a small quantity by subtracting two much 
larger quantities. For example. 1.344 - 1.336 = 0.008. but if the two numbers had 
been measured with three significant digits, you would have gotten 1.34 - 1.34 = 0. 

■ Become very familiar with your test instruments. Do not arbitrarily push buttons 
until you get something; know which buttons to push. 

■ If you are doing an experiment with a lab partner, make sure you both contribute 
equally. If you do not contribute, you are not only being unfair to your partner but 
also not really learning. Passive observation cannot replace doing. If, instead, you 
are the type that takes over and would rather do the lab by yourself, you are hurting 
your partner's learning process. Be sure both of you have a chance to do each type of 
task. For example, if you wire and your partner takes measurements, the next time 
around your partner should do the wiring and you should measure. 



■ Above all, resist the temptation to just blindly follow the procedures. If you 

just do so. take all the measurements correctly, and write your report, you will 
have wasted several hours. Observe, think, act. and discover. Many of the 
“why” questions in this book are meant to just make you think. But do not stop 
there. Ask yourself, as often as you can. why something is done in a certain 
way, why it works or doesn't, or what would happen if something were done 
differently. This is a very important part of your education. Discuss such ques- 
tions with your lab partner. If you have ideas that you want to try, first make 
sure they are safe; if in doubt, ask your instructor. 





GROUND 

CONNECTIONS 



Introduction The issue of ground connections is one that will concern you again and again, in this 

and in other labs. Read this chapter carefully, and try to understand it as much as 
possible. Not everything in it may make perfect sense in the beginning; some of this 
material will become clearer as you gain laboratory experience. Nevertheless, it 
pays to have a preliminary understanding at this point. As you attempt to connect 
various instruments in future experiments, you may need to return to this chapter for 
advice. 



Producing 
positive or 
negative supply 
voltages 
with respect to 
ground 



1 1 X 

Fig. 1 



Lab instruments have terminals so that you can connect them to the circuits you are 
working with. For example, a “floating" power supply has plus ( + ) and minus ( - ) 
terminals. The voltage between them is a well-defined quantity, which you can set at 
will. However, the voltage between one of these terminals and a third point, such as 
the instrument's metal case (if it has one) or the case of another instrument, may not 
be well defined and may depend, in fact, on instrument construction and parasitic 
effects that are not under your control. Parasitic voltages can interfere with proper 
operation of the circuits you are working with, or can even damage them. Worse, in 
some cases they can cause an electric shock. To avoid such situations, the instruments 
have an additional terminal called the ground, often labeled GND or indicated by one 
of the symbols shown in Fig. 1 ; the use of this terminal will be explained shortly. The 
ground terminal may be connected to the internal chassis of the instrument (it is some- 
times referred to as the chassis ground); to the instrument’s metal case; and if the 
power cord of the instrument has three wires, to the ground lead of the cord's plug. 
When you plug in the instrument, this lead comes in contact with the ground terminal 
of the power outlet on your bench, which is connected to earth potential for safety and 
other reasons. In fact, other instruments on your bench, on other benches, or even 
elsewhere in the building may have their grounds connected to that same point, 
through the third wire of their power cords. 

When you use a power supply with the output floating (i.e., with neither of the output 
terminals connected to ground), you get the situation shown in Fig. 2. The little circles 
indicate terminals for making connections to the instrument’s output or ground. In the 
following discussion, V XY will denote the voltage from a point X to a point Y. In Fig. 2, 
V AB is the power supply’s output voltage V< and it is well-defined. However. V AG and 
V BG are not well defined and can cause the problems already mentioned. To avoid this, 
you should strap one of the two output terminals to the ground terminal, as shown, for 
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example, in Fig. 3(a). Now all voltages are well defined: V AB — V . V BG — 0, and 
y = V All + V BC = V+0 = V . If we assume that V' is a positive quantity, the con- 
nection in Fig. 3(a) develops a positive voltage at terminal A with respect to ground. If 
you happen to need a negative voltage with respect to ground instead, you would use 
the connection in Fig. 3(b). Here terminal B has a potential of -V with respect to 
ground. In some power supplies, ground connections as shown in Fig. 3 are permanent, 
and you do not have access to them. In other power supplies, it is up to you to make 
such connections. 



Connecting one 
grounded 
instrument to 
another 



When more than one instrument or circuit with ground connections are used, one 
should think carefully. Consider the situation in Fig. 4. where it is attempted to con- 
nect the output of one instrument to the input of another. For example, instrument 1 
can be a function generator, discussed in Experiment 3. Instrument 2 can represent an 
oscilloscope, or an oscilloscope probe, also discussed in Experiment 3. At first sight, 
the connections shown seem to be correct. However, there is a big problem. Although 
not apparent from Fig. 4, the ground terminals are connected not only to the instru- 
ment cases but also to the common ground of the power outlet on the bench (through 
the ground pin on the power plug, as explained earlier). Making these connections 
explicit, we have the situation shown in Fig. 5. It is now clear that the second instru- 





lnstrument 1 Instrument 2 




Fig. 4 
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Fig. 5 



Fig. 6 



merit’s ground connections short the first instrument’s output across CD (i.e., they 
place a short circuit across it; you can trace this short circuit along the path CIHGED). 
Not only will this prevent a voltage from being developed at that output, but also it can 
damage the instrument. The problem is solved if the connection between the two 
instruments is modified, so that instrument ground is connected to instrument ground. 
as shown in Fig. 6. 

At this point, one may wonder what the connection marked x is needed for in Fig. 6, 
given that the two ground terminals are connected together anyway through the power 
cables, as shown by the heavy lines. The answer is that there may not always be a 
ground terminal on the power plug, and even if there is one, it may not be reliable; 
although ideally all ground terminals on power receptacles should be at the same poten- 
tial. they sometimes are not. In addition, the long ground wires (IH and GH in Fig. 6) 
may act as antennas, picking up interference. To be safe, then, use a short connection 
such as x between the ground terminals of the two instruments. 

A final word of caution: Since an instrument’s case is in contact with ground con- 
nections, you need to be sure that cables and devices do not accidentally come into 
contact with it. If this happens, malfunction or damage can occur. 

These guidelines will be sufficient for the purposes of this lab. Grounding is actu- 
ally a complicated issue, and you should not expect the simple practice discussed 
above to be adequate in all situations. As you gain experience, you will obtain a better 
feel for grounding practices. 



Ground 
on power 
outlet 



Ground 
on power 
outlet 






EXPERIMENT 1 

MEASURING DC 
VOLTAGES AND 
CURRENTS 



Objective 



Preparation 



This experiment will familiarize you with the measurement of voltage (v), current (/). 
and v-i characteristics; it will also give you a feel for these quantities and for the 
important notion of reference direction. 

Read about the definitions of voltage and current in your text. Pay special attention to 
reference directions for these quantities. Study the chapters entitled “Good Lab Prac- 
tices and Other Useful Hints” (paying special attention to the section on Safety ). and 
“Ground Connections" in this manual. 



INTRODUCTION 



The two instruments you will be using in this experiment are the power supply (PS) 
and the digital multimeter (DMM). The PS will be used to power the circuits you will 
be building. The DMM is one of the most important instruments in the EE laboratory, 
and it is one of the simplest to understand and to operate. You will find a PS and a 
DMM on your bench. Simple user’s manuals for both instruments may be made avail- 
able by your instructor. In this experiment, we will use the DMM to measure DC volt- 
age and current. Study the face of the PS and the DMM, and try to guess the function 
of each control before proceeding. 

The following instructions have been written for a generic DMM. The particular 
type you will be using may have to be operated somewhat differently. Your instructor 
will tell you if additional settings, considerations, and precautions apply to the partic- 
ular DMM type you will be using. 

VOLTAGE MEASUREMENTS 



1. Set up the DMM as a voltmeter. This will involve both pushing the appropriate but- 
tons and connecting the DMM's leads (one of which is red, and the other black) at the 
appropriate DMM terminals. In some DMMs, the terminal to which the red lead 
should be connected is red itself or is labelled HI. or V; the terminal where the black 
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Fig. 1 
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lead should be connected is black itself, or is labeled LO or COM. If you do not see 
these markings, ask your instructor for help. If there is a DC/A C button on the voltme- 
ter, set it to DC since only DC (constant with respect to time) voltages and currents 
will be measured in this experiment. 

If the DMM is properly set up as a voltmeter, it will behave approximately as an 
open circuit. Make sure you do not set it up as an ammeter (current meter), in which 
case it will act as a short circuit and, if improperly used, can cause damage. 

To measure a voltage between two points, a voltmeter must be connected 
across the two points so that it can sense the potential difference between them. If 
you want the potential of point K with respect to point L, you need to connect the 
red terminal of the voltmeter at K, and the black terminal at L. You should not 
disconnect anything in the circuit under measurement in order to measure a volt- 
age in it. 

2. Connect the - terminal of the PS to the PS’s ground terminal. Turn on the power sup- 
ply (PS). Connect the black DMM lead to the - terminal of the power supply, and the 
red lead to the + terminal. Measure the voltage of the PS for various settings of its 
voltage knob. For a reliable measurement, you should set the voltmeter to an appropri- 
ate measurement range. The range must be one for which the maximum measurable 
voltage is higher than the voltage you are trying to measure. Also, the range should be 
such that a sufficient number of decimal places are shown in the voltmeter display: for 
our purposes, two decimal places are enough. Experiment with various range settings 
of the voltmeter, and try to fully understand their purpose and function. What will the 
problem be if the range on the DMM is too small for the voltage being measured? If it 
is unnecessarily large? Compare the reading of the DMM to that of the PS’s own volt- 
meter, if there is one. Be sure you interpret the units on the instruments correctly (e.g.. 
mV means 0.001 V). 

3. Set the PS voltage at a certain value, and record the reading of the DMM. Then, 
without changing the PS and DMM settings , interchange the connections of the 
DMM’s leads at the PS and record the new reading. How are the two readings 
related? Why? 

4. Set up the circuit shown by the solid lines in Fig. 1. Although many devices can in 
principle be used as element X in the figure, for our purposes this element will be a 
resistor with a value of several kfl which will be provided to you. The switch shown 
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is not part of the PS: you should use a stand-alone switch provided to you. Set the PS 
voltage at a few volts. Now attach the voltmeter, as shown by the broken line, and 
measure the voltage of point K with respect to point L. with the switch open and with 
the switch closed. Now measure the voltage of point L with respect to point K. Relate 
this reading to the previous one and explain. 



CURRENT MEASUREMENTS 



5. You will now prepare for measuring, in step 6 below, the current through element X. 
First, disconnect the DMM from the preceding circuit, leaving the rest of the circuit 
connected. Configure the DMM as an ammeter (current meter). This will involve both 
button pushing and selecting the appropriate DMM terminals for connecting the red 
and black leads. In some DMMs, these terminals may be the same as those used for 
voltage measurements: in others, the red lead may have to be connected to a separate 
terminal, which may be labeled A. 

To measure a current at a given point in a circuit, you need to break the con- 
nection at that point and insert the ammeter there. To measure the current in a 
given reference direction, you need to make the current enter the ammeter at the 
red lead, go through the ammeter, and exit from the black lead. 

If a DMM is properly set as an ammeter, it will appear approximately as a short 
circuit (or “short," for short :-) between the two leads. So, when the ammeter is 
inserted in a circuit, it does not disturb the circuit; it acts approximately as a wire. In 
many ammeters, the extent to which they act as shorts depends on the measurement 
range set on them. In general, the larger the range selected, the more the ammeter acts 
like a short (i.e., the lower the resistance between its two terminals). In ammeters with 
only a few display digits, it is better to select the range as large as possible, while still 
allowing for a sufficient number of significant digits to be displayed. For our present 
purposes, displaying two or three significant digits will be adequate. When interpret- 
ing the ammeter reading below, make sure you take into account unit prefixes, if any 
are present (e.g., mA means 0.001 A). 



6. Consider again the circuit shown in solid lines in Fig. 1. Suppose you need to mea- 
sure the current in the wire that connects the switch to the upper terminal of element 
X. in the direction from left to right. To do so, break that connection, and insert the 
ammeter (A) in series with the element, as shown in Fig. 2 (think about where the 
red and black leads should be connected). Ideally, since the ammeter acts as a short 
circuit, it is just a piece of wire as far as the circuit is concerned and does not influ- 
ence the circuit’s operation. Nevertheless, the current of element X now goes 
through it, and can be measured. Measure the current t, indicated in the figure. Keep 
the PS and the circuit switch in the off position until you are ready to do this mea- 
surement, and then switch them on. When finished with this step, return the switch 
to the off position. 
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Fig. 2 




7. Without changing the settings on the PS and the DMM, you will now prepare to mea- 
sure the current i 2 , indicated in Fig. 3. Notice that the circuit is still the same; only the 
reference direction for the current has been changed. What should you change in how 
the ammeter is connected in order to measure i 2 ? If you are not sure, reread step 5. 
Now. measure i 2 - Compare your reading to that of /, obtained above, and explain what 
you find. Then turn everything off, and disconnect your circuit. 



MEASU RING V-l C HARACTERISTICS 

8. The behavior of resistive circuit elements can be represented by a plot on the voltage- 
current (v-f) plane. This plot is usually called a v-i characteristic. For most resistive 
devices, there is a unique value of i for each value of v, and vice-versa. To measure 
i versus v, hook up the circuit of Fig. 4, using a resistive element K which will be pro- 
vided to you (if one is not provided, use a resistor with a value of several kO ). The 
arrow through the PS symbol is used to emphasize that the PS voltage is variable. Two 
DMMs are used, one set up as a voltmeter and the other as an ammeter (alternatively, 
you can use a single DMM as an ammeter, along with the PS’s own voltmeter). Notice 
that, as before, the voltmeter is connected across the element, whereas the ammeter is 
connected in series with the element. Think carefully about where the red and black 
leads of the DMM(s) should be connected to measure the voltage and current with the 
polarity ami direction indicated in the figure. 

Vary the PS voltage and record v = v Kl and i. for a voltage range of - 1 V to +1 V. 
For negative voltage values, you will need to reverse the + and - terminals on the 
PS, so that the - terminal of the PS is now connected to the switch, and the + termi- 
nal to ground. The PS’s own voltmeter will still be showing a positive voltage since it 
is permanently connected internally to the PS voltage; however, the voltage v^, across 
element Y will now be negative, and if you have a separate voltmeter connected across 
this element, you should notice a change of sign in its reading. Plot / vs. v. Use enough 
measurements to generate a smooth plot. 
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EFFECT OF INSTRUMENT ON CIRCUIT BEING MEASURED 



One should be aware that no quantity that can take values in a continuous range can be 
measured exactly. No measuring instrument is perfect. For example, a real voltmeter 
is not a perfect open circuit, so a small current can flow through it. Also, a real amme- 
ter is not a perfect short circuit, so a small voltage can develop across it. There are sit- 
uations in which these small quantities can affect the currents and voltages in the 
circuit. In such cases, the measuring instruments will be influencing the quantities to 
be measured. The instrument’s indications, then, will have to be properly interpreted, 
based on knowledge of the instrument’s characteristics. We will have a chance to see 
instances of this in future experiments (e.g., in Experiment 6, we will see how a volt- 
meter’s input resistance can affect a measurement and how we can take this effect into 
account and correct for it). In most cases in this lab, though, the circuits and element 
values used are such that the voltmeters and ammeters do not affect the circuits appre- 
ciably; they can then be assumed to be ideal, that is, perfect open circuits and perfect 
short circuits, respectively. 






EXPERIMENT 2 

SIMPLE DC CIRCUITS; 
RESISTORS AND 
RESISTIVE SENSORS 



Objective 



Preparation 



Suggestion 



In this experiment, you will familiarize yourself with series and parallel DC circuits, 
and you will verify fundamental circuit properties. You will also become familiar with 
resistors and potentiometers and will learn how to measure resistance. Finally, you 
will convert nonelectrical parameters (light intensity and temperature) to electrical 
resistance, using simple sensors. 

Read about Kirchhoff’s voltage and current laws, series and parallel circuits, resistors 
and combinations of resistors, and voltage dividers in your text. 

You will be asked to assemble several circuits below, and to use measuring instru- 
ments to measure voltage and current. To avoid confusion, each time follow this prac- 
tice: 

■ First, assemble the circuit by itself, without connecting any measuring instruments 
(DMMs) to it. 

■ Then, depending on the type of measurement you are asked to perform, think how 
you will connect the appropriate instrument(s) to the circuit; refresh your memory 
on this point by referring to Experiment 1 . In the case of voltage measurement, you 
will simply have to connect a voltmeter in parallel with parts of the circuit, without 
breaking any connections; in the case of current measurement, you will have to 
break a connection and connect the ammeter in series with it. 

■ Finally, once you are sure how to do it. go ahead and connect the instruments. 



A SERIES CIRCUIT 



1. Construct the series circuit shown in Fig. 1. For this experiment X and Y will be resis- 
tive elements provided to you (e.g., two different-valued linear resistors with values of 
several KQ: you can learn to read resistor values as explained in Appendix A). Set the 
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